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MONTE CARLO CALCULATIONS OF NEUTRON AND PHOTON
SPECTRA FOR THE INDI PROJECT

INTRODUCTION

Coupled neutron-photon multigroup Monte Carlo transport calculations have been
carried out with the code MORSE-CG [11 in a model of the INDI experiment.* The
coupled multigroup neutron and photon cross-section data have been obtained from the
CASK library [2], which is based on data contained in the ENDF/B-II and ENDF/B-III
evaluations.

The continuous energy variable E is replaced, in the multigroup method, by a num-
ber of discrete energy "groups" of finite width AEg, and to each of which there corresponds
a mean energy Eg. The energy bins, contained in Tables 1 and 2, are generally sums over
such energy groups. Angular distributions contained in the library are represented in terms
of the first four terms of a Legendre series (Po through P3 ), and the uppermost energy of
the library is 15 MeV.

Table 1
Neutron energy bin structure. The upper (lower) limit of the energy bin given in the
first column is E, (E&). The average bin energy is E, and energy width of the bin is AE.

Bin E, (MeV) EQ (MeV) E (MeV) | AE (MeV)

1 15.0 12.2 13.6 2.8
2 12.2 8.18 10.1 4.02
3 8.18 1.11 3.69 7.07
4 1.11 2.9X 10-5 0.184 1.11
5 2.9 X 10- 5 1.0 X 10-8 5.45 X 10- 6 2.9 X 10-5

Table 2
Photon energy bin structure. The column headings have the

same meanings as in Table 1.

Bin | E, (MeV) EQ (MeV) E (MeV) [ AE (MeV)

1 10.0 4.0 6.62 6.0
2 4.0 2.0 2.83 2.0
3 2.0 1.33 1.66 0.67
4 1.33 0.30 0.723 1.03
5 0.30 1.0X 10-2 0.126 0.29

*International Neutron Dosimetry Intercomparison (INDI) under the sponsorship of the International
Commission on Radiation Units and Measurements.
Note: Manuscript Submitted March 17, 1975.
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CALCULATION MODEL

Phantom Model

The effects of room air, other background scattering, the phantom walls, etc. have
been neglected throughout the calculations. The 30-cm-cube water phantom has been
replaced by a 16.926-cm-radius, 30-cm-long cylinder. At each depth, an assumed point
detector has been surrounded by a coaxial cylindrical void of radius 0.5 cm and length
1.0 cm, with the detector at the center. The purpose of the void is discussed in connection
with the flux estimation. The results at the three depths of 5, 10, and 20 cm have been
obtained separately, so that only one such void is present in any calculation.

The phantom geometry and its relation to the RARAF* source are illustrated in
Fig. 1.

Point neutron e max

Source "E=13.6 MeV" Id L..'.0

d-0.5|l

- d _-ds052t
d+0.5

20.0 30.0

Fig. 1 - The phantom geometry of the calculations in relation to the RARAF source as
viewed normal to the axis of cylindrical symmetry. Lengths are in centimeters.

Source Model

Because the highest energy neutron group of the cross-section library covers the range
15 MeV > En > 12.2 MeV, the 15.5-MeV RARAF source [3] has been replaced by a
neutron source having an energy of 13.6 MeV. The highest energy neutrons of the model
are, therefore, expected to predict a somewhat lower kerma than that observed experi-
mentally.

*Radiological Research Accelerator Facility (RARAF), Brookhaven National Laboratory.
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The isotropic angular distribution of the neutron source has been replaced by an
angular distribution which is isotropic within the cone defined by the solid angle sub-
tended by the irradiated face of the phantom at the source point, A 2max = 27r (1 - cos Omax)

The remainder of the beam has been neglected in accordance with the approximations of the
preceding sub-section.

Flux Estimation

Both the neutron and photon spectra have been calculated by estimating the flux
at a point for each detector point.

In Fig. 2a, the heavy solid line represents part of, for example, the history of a
neutron as it traverses the phantom, which for the moment is assumed homogeneous.
If r denotes a collision site, indicated by a vertex of the figure, RD a detector point,
and X the unit vector (RD - r)/ I RD - r expressed in a coordinate system centered at
the collision site and oriented along the neutron direction before collision, the expected
contribution appearing at the detector is given by

dn = w exp(- pIRD - rI)P(fl) d f, (1)

where w is the weight of the outgoing neutron, p is the narrow-beam attenuation
coefficient corresponding to the outgoing neutron energy, and P(Q2) is the normalized
angular distribution of the outgoing neutrons. Consideration of an infinitesimal area
centered at the detector point, as in Fig. 2b yields the expected flux at a point

dn/dA = w exp (-p RD - rj)P(11) (1IIRD - r12 ). (2)

This quantity is summed over all collision sites as indicated by the dashed lines in Fig. 2a,
and averaged over all histories in order to yield the final flux estimate. The role of the
void is to ensure that Eq. (2) remains finite by eliminating collisions with r - RD.

The same reasoning may also be applied to the birth of a source neutron with the
result

(dn/dA)source = 1.0(1/AQmax) exp[-p(d - 0.5)] [1/(20 + d)2] (3)

for every source particle, where the effect of the void has been taken into account.

Because the source has been assumed to have no photon contaminant, only Eq. (2)
applies to photons.

RESULTS

The energy bin structures for neutrons and photons are given in Tables 1 and 2
respectively. Except for the highest energy neutron bin, all bins contain several energy
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RD

Detector

(a) Part of a neutron (photon) history is depicted by the
heavy solid lines. The dashed lines indicate a contribution
scored according to Eq. (2). The vectors r and RD denote a
collision site and detector point in the overall coordinate
system.

= dA/IRD- r12

Detector

(b) Detailed corresponding to one of the dashed lines
in (a), and leading to Eqs. (1) and (2).

Fig. 2 - Estimation of flux at a point.

groups. In both tables, E, (EV) is the upper (lower) energy of the bin of which the width
is AE MeV. The average energy assigned to each neutron bin is the arithmetic mean of the
quantities

Eg = (Eug - EQg)/ln (EugIEQg),
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which have been calculated for each neutron group belonging to the bin. The average
energy assigned to the photon bins is the arithmetic mean over the groups comprising
the bin.

The neutron spectra at depths of 5, 10, and 20 cm within the phantom are con-
tained in Tables 3, 5, and 7 respectively, and the corresponding photon spectra are con-
tained in Tables 4, 6, and 8. The second column of these tables contains the average bin
energy, and the third column contains the bin width. The fourth column contains the
particle flux per unit energy, Ap/AE, normalized to 106 source neutrons, and the fifth
column contains Asp = (Atp/AE)AE. The last column contains the fractional standard
deviation (fsd) of the fourth column, and represents the statistical error expressed in per-
cent. The fsd of the first neutron bin is particularly small because according to Eq. (3)
every source neutron supplies the same contribution to that bin. Thus, the mean value
receives a finite contribution at neutron birth, but the variance receives a vanishing con-
tribution. The results at the three depths have been obtained in separate runs, each of
which has used 5000 neutron histories.

Table 3
Neutron flux at 5 cm depth. The quantity (Alp/AE) is expressed in particles/(cm 2 - MeV - 106
source neutrons), and Asp = (Atp/AE)AE is expressed in particles/(cm 2 - 106 source neutrons).
The last column contains 5, the fractional standard deviation in A P/AE expressed in percent.

Bin E (MeV) | AE (MeV) Ap/AE [ Ap | 6 (%)

1 13.6 2.8 312 874 7
2 10.1 4.02 28 112 13
3 3.69 7.07 50 350 16
4 0.184 1.11 188 209 36
5 5.45X 10-6 2.90X 10-5 2.08X 107 603 36

Table 4
Photon flux at 5 cm depth. The column headings have the same meanings as in Table 3.

Bin E(MeV) AE (MeV) Ap/AE A| p J (%)

1 6.62 6.0 12 73 11
2 2.83 2.0 63 126 11
3 1.66 0.67 14 9 18
4 0.723 1.03 34 35 14
5 0.126 0.29 274 79 22

The results contained in Tables 3 through 8 have been employed for the calculation
of R = 100Dy/(Dn + Dy) in water at each of the three depths. The neutron kerma, D",
has been obtained with the help of linear interpolation of kerma-to-fluence ratios [4] to
the mean bin energies. The photon kerma has been obtained by applying the relation [5]
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Table 5
Neutron flux at 10 cm depth. The column headings

have the same meanings as in Table 3.

Bin E (MeV) AE (MeV) Asp/AE Ap (%)

1 13.6 2.8 142 398 4
2 10.1 4.02 28 110 19
3 3.69 7.07 32 229 24
4 0.184 1.11 346 384 65
5 5.45 X 10- 6 2.90 X 10- 5 1.88 X 107 545 48

Table 6
Photon flux at 10 cm depth. The column heading,

have the same meanings as in Table 3.

Bin E(MeV) AE (MeV) Asp/AE | Alp | 6(%)

1 6.62 6.0 8 47 7
2 2.83 2.0 65 130 7
3 1.66 0.67 30 20 29
4 0.723 1.03 51 53 30
5 0.126 0.29 315 91 22

Table 7
Neutron flux at 20 cm depth. The column headings

have the same meanings as in Table 3.

Bin E(MeV) AE (MeV) A|pAE Alp I (%)

1 13.6 2.8 36 101 7
2 10.1 4.02 15 62 27
3 3.69 7.07 18 130 24
4 0.184 1.11 62 68 42
5 5.45 X .10- 6 2.90 X 10- 5 2.04 X 107 592 65

Table 8
Photon flux at 20 cm depth. The column headings

have the same meanings as in Table 3.

Bin E(MeV) AE (MeV) | Ap/AE 1 Ap | (%)

1 6.62 6.0 4 24 10
2 2.83 2.0 60 I 120 19
3 1.66 0.67 15 I 10 20
4 0.72 1.03 22 I 23 11
5 0.13 0.29 197 j 57 21
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D = F(AkIP)

to each photon bin. The energy fluence, F, has been taken to be

F = E(Ap),

and the mass energy transfer coefficients, (pkip), have been obtained by linear interpolation
of available tables [6]. The values of R thus obtainedare given in Table 9, where the cal-
culational error assigned has been computed from the neutron and photon kerma weighted
mean errors obtained from the fractional standard deviations.

Table 9
The ratio R = 100DyIDT calculated for H2 0.

Depth R
(cm) Calculated | Observed*

5 3.5 ± 0.2 2.5
10 5.4 ± 0.2 6
20 10.2 ± 0.7 -10

*Reference 3.

Various refinements of the schematic calculation of the preceding paragraph must,
of course, be included for a realistic comparison with a specific experiment. A complete
discussion of the application of Tables 1 through 8 to the NRL measurements as a
participant in the INDI is reported elsewhere [7].
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